INTRODUCTION
The increasing demand in the production of nanoparticles will require a deeper understanding of the physical and chemical mechanisms leading to particle formation. Techniques allowing measurements of particle properties in situ are then strongly desired. There is also the need to understand the impact that such particles may have on the environment and health. The environmental and health effects of carbon nanoparticles are being investigated.
1- 4 The size distribution of nanoparticles from modern combustion sources have shown on different occasions a rather narrow peak in the concentration of particles of diameters, D =1-3 nm. [5] [6] [7] In this work we present an x-ray scattering method, which can be used to monitor such particles during combustion. Our main attention in this paper is drawn to particles smaller than 10 nm, which we will call nanoparticles. In particular, particles or structures smaller than 3 nm will be addressed.
The physical and chemical properties of the particles are strongly related to the size and structure. From an experimental point of view it is easier to obtain a high spatial resolution of the particles if they can be extracted locally from the reaction zone and then analyzed with highresolution techniques ex situ. In the last few years there have been reports by different groups on the structures of nanometer-sized carbon particles extracted from different combustion sources and other high-temperature reactors. In these reports the high-resolution transmission electron microscopy ͑HRTEM͒ images [8] [9] [10] [11] [12] showed different nanostructures, such as diamond, graphitelike, fullerenelike caged structures, nanotubes, and glassy-carbon structures. In terms of atomic units, a high resolution in a broad mass spectrum can be obtained with mass spectrometric measurements. Samples from flames 6, 13 and aerosols 14 have been studied with such techniques and information about the composition of different species such as fullerenes and polycyclic aromatic hydrocarbons ͑PAHs͒ were obtained.
In some situations, extraction procedures may alter the flow field and the temperature of the reaction zone which is being investigated. Such procedures can therefore strongly affect and interfere with the dynamics of particle formation, transformation, or destruction. Results from moleculardynamics simulations [15] [16] [17] show that the dynamics of formation and transformations is strongly sensitive to the combustion temperature, with dynamic time scales from picoseconds to nanoseconds. Structures can therefore mutate rapidly with changes of flame conditions. In this respect in situ measurement techniques are preferred although they generally cannot allow optimal conditions of resolution. These techniques are complementary to the ex situ techniques since they can provide information on short-lived reactive species that may not survive through a sampling procedure.
Today only a few techniques are able to follow the dynamics of nanoparticles in situ, i.e., during the combustion process without interfering with the combustion processes itself. Laser-induced fluorescence ͑LIF͒ techniques are frequently used for the measurement of atomic and diatomic species, but become less effective for the study of polyatomic species and soot precursors such as PAHs. The main reason for the loss in efficiency is caused by the high temperatures that quench and spectrally broaden and shift the a͒ Author to whom correspondence should be addressed; electronic mail: frederik.ossler@forbrf.lth.se fluorescence spectra, which make the identification of PAH species more difficult. Reports on such studies can be found in different references. [18] [19] [20] [21] [22] LIF techniques can be used for studying characteristic sizes of PAH in combustion environment, taking into account the influence of temperature and oxygen quenching. 22, 23 One may calibrate the quenching dependence of a particular species to temperature and oxygen concentration. The species can then be used as a dopant or a probe molecule to measure temperature and fuel equivalence ratio in combustion related experiments. 22, [24] [25] [26] The laser techniques so far that to some extent have been able to characterize nanoparticles in situ are based on laser scattering/extinction 27, 28 ͑LSE͒ and laser-induced incandescence ͑LII͒. 29, 30 The information obtained from LSE is the characteristic size and optical properties of the particles. However, details about the size distribution function and particle structure are more difficult to obtain with these techniques. LII has been generally used for measurements of soot-volume fractions and for information on the primary particle size of soot. 23 Techniques based on cavity ring down may be used to measure very low concentrations of soot particles down to concentrations of 0.1 ppb for soot-volume fractions. 31 In order to resolve the structure and the size of nanometer-sized particles the wavelength of the scattering process should be of the order of the interatomic bond distance, which typically is 1 -2 Å and therefore far more powerful than laser scattering techniques. Synchrotron x-ray scattering based on small-angle x-ray scattering [32] [33] [34] ͑SAXS͒ and wide-angle x-ray scattering 35 ͑WAXS͒ in this wavelength region have been used for measurements of nanoparticles or soot particles. Soot properties have also been investigated, at synchrotron radiation facilities, by measuring the x-ray induced ionization current from flames. 36 Neutrons, which have different scattering properties than x-ray photons, have also been used for studying soot particles in the small-angle neutron scattering ͑SANS͒ region. 37 Among these techniques we will further discuss the possibilities of SAXS and WAXS below.
SAXS techniques are useful to measure the size distribution of ultrafine particles in the size range between 1 and 100 nm in atmospheric pressure flames. 32, 33 SAXS has also been used to measure the synthesis of silica nanoparticles in flames. 34 Whereas the highest sensitive to particle diameter is observed in the small-angle region, the wide-angle region contains mostly information on particle structure. WAXS measurements may thus provide with complementary information on particles. The report on WAXS measurements on flames showed how the scattering patterns in the wideangle region change with the conditions inside the flame: 35 Signatures changed from fullerenelike scattering structures to graphiticlike structures in the subnanometer and nanometer length scale, respectively.
In this work we report in more detail how the WAXS signals are related to structures and composition of the flame. We classify different signatures in the scattering signal and relate them to structural properties of nanoparticles. The basis for the comparison are scattering calculations for different types of nanoparticles and molecules and some characteristic scattering patterns that have been measured for air and flames.
THEORY
Several textbooks treat the subject of x-ray scattering [38] [39] [40] and scattering of electromagnetic radiation in general. [41] [42] [43] In this section we summarize the most important parts that are needed for experimental applications of x-ray scattering. We are particularly interested in scattering properties of different species for photon energies between 5 keV ͑2.48 Å͒ and 10 keV ͑1.24 Å͒. We take the polarization of the x-ray wave into account in the scattering simulations, since most synchrotron x-ray facilities produce polarized radiation. In this range of photon energy, the three major processes of interaction are photoionization, coherent scattering, and incoherent scattering, often referred to as Compton scattering.
The number of photons dP i ͑ , ͒ / d⍀ scattered by an object ͑i͒, per time unit and unit of the solid angle can be described as
where d i ͑ , ͒ / d⍀ is the differential cross section, and are the scattering angle in the plane of scattering and the azimuth angle ͑between the scattering plane and the plane of polarization͒, respectively. I 0 is the irradiance ͑W m −2 s −1 ͒ of the source.
In the energy region of interest, the cross section for x-ray scattering is defined as
where i,Coh ͑ , ͒ and i,Incoh ͑ , ͒ are the coherent and incoherent-scattering cross sections. Whereas the main cause for attenuation of radiation in a medium is caused by photoionization. The attenuation is given by
tot is determined by the the photoionization cross section, is the attenuation coefficient, N is the total concentration of species, and l is the path lengths of the radiation in the medium. The values of can be obtained from tabulated values of the mass attenuation coefficients / , where is density of the medium. 44 For a composition / = ͚ i w i ͑ / ͒ i , where w i is the fraction by weight of species i.
Coherent scattering shows distinct polarization properties, given by the Rayleigh theory 41 of scattering. For linearly polarized radiation it is convenient to define two polarization components: one orthogonal ͑s͒ to the plane of scattering and the other parallel ͑p͒ to the plane of scattering. 42 One can then define the irradiation of the incident radiation in the following way:
where is the angle between the plane of polarization of the incident radiation and the plane of scattering. For a free elec-tron i one obtains the scattering cross section for orthogonally polarized radiation, 
͑6͒
However, sometimes in the literature and tables the parameter for the exchange of the momentum is given as q /4. One should notice also that the assignment "" frequently corresponds to half the scattering angle. For historical reasons the scattering equations in textbooks are often defined for unpolarized radiation and therefore often contain a factor that can be traced to ͓1 + cos 2 ͔͑͒ /2. In order to calculate the coherent scattering from an object we divide it into a number of small unit volumes. The coherent scattering from an object, where the incident and scattered photons have the same energy, can be regarded as the result from the superposition of the scattered electric complex field amplitudes from each unit volume. Thus the units of volume scatter independently of each other in accordance with the Rayleigh-Gans theory known from optical scattering theory. 41 We can assign a density, a distribution of electric dipoles, or the electric dipole moment to the object and then calculate the superimposed sum of electric fields from each volume unit, for any direction in the space, i.e., and . The -dependence depends on the individual phases at the point of superposition, and the polarization dependence is given by the -dependence which can be separated into one term,
͑7͒
The resulting angular ͑͒ distribution of the scattered radiation depends on the electron-density distribution of the object.
in units of electrons Eq. ͑9͒ becomes
where q is the exchange of momentum during the scattering. Z = N e is the total number of electrons present in the object. A͑q͒ is the absolute squared of the calculated volume integral.
The integrals f = Z͐ v ͑r − r 0 ͒exp͓−iq͑r − r 0 ͔͒dV have been calculated for different atoms and are known as atomic form factors and have been tabulated. 45, 46 These factors are used to calculate the differential cross sections for crystals and molecules.
The incoherent scattering from a free electron is described by Compton scattering. The photon looses some energy during the scattering process. This loss increases with increasing scattering angle and also causes loss of coherence. The inelastic scattering depends on the Klein-Nishina ͑KN͒ formula. 47 ,48
K KN enters as a factor in the formula for the incoherentscattering cross section. The cross section for incoherent scattering is then
where S i ͑q͒ can be found in tables 45, 46 and are called incoherent-scattering factors or Compton scattering factors for the photon energies considered in this work.
2 is the relativistic term, which ranges between 1% and 2% for the photon energies of interest in this work. Note that it presents the same polarization properties as Rayleigh or Thomson scattering in the limit of photon energies Ӷ0.5 MeV, or more explicitly for nonrelativistic scattering. At highly relativistic energies the polarization properties are lost. The incoherent and coherent differential cross sections can now be defined. In our calculations we set the KleinNishina factor, K KN ͑␥ , ͒ =1.
The calculations of the cross sections can be simplified considerably if some approximations are done: ͑1͒ the scattering is nonrelativistic; ͑2͒ the scattering occurs from ensembles of molecules, particles, etc., with a complete random ͑isotropic͒ spatial distribution; ͑3͒ the electron distribution is mainly centered around the atoms with a distribution similar to that of the corresponding free atoms.
The differential cross section for coherent scattering ͑in electron units͒ for a single species can then be described by the Debye formula 38, 49 as
where i and j refer to the atomic centers of the species. The coherent and incoherent number of photons scattered by linearly polarized radiation ͑s͒ into the solid angle d⍀ per time unit is now for orthogonally polarized radiation
For polarized x-ray radiation at the angle relative the plane of scattering the number of photons scattered per unit time into the solid angle d⍀ then becomes
where x i is the mole fraction of species i, N being the total concentration, and dV is the scattering volume element. This equation holds for species in gas phase where the spatial distribution of the different species has a high degree of randomness. I condensed phases this assumption holds no longer, since the distribution of the species is relatively ordered.
Multiple scattering effects can be neglected, since the single-scattering process is very weak compared with the scattering in the visible-UV-wavelength region. The real and imaginary parts of the complex refractive index in the x-ray region of interest are very close to 1 and 0, respectively, for instance, for carbon n = 0.999 991 and k = 2.025ϫ 10 −8 for = 1.771 ͑7 keV͒.
MOLECULES AND CARBON STRUCTURES
Calculations were performed on different molecular and nanometric species of different structures that are of interest for combustion. The C-C interatomic distances were set to 1.42 Å for aromatics and nanotubes, and 1.54 Å for diamonds. These values were chosen since they are often found as reference values for graphite ͑planar bonds, sp 2 ͒ and diamond ͑sp 3 ͒, respectively. Bond distances for diatomic species were obtained from different references. 50, 51 The scattering in the forward region =0°͑q =0 Å −1 ͒ is proportional to the total number of electrons squared, N e 2 , of the object. This means that hydrogen atoms scatter only very weakly compared with carbon, nitrogen, and oxygen atoms. Figure 1 shows an example of scattering patterns for different molecular species. The scattering cross sections reported in the figure were first calculated in units of electrons, i.e., according to Eqs. ͑12͒ and ͑13͒ and then normalized on their number of electrons N e . The scattering in the forward direction in these plots is seen to increase with the size of species. The chosen normalization procedure of the cross sections is useful when one considers changes in the scattering properties caused by chemical and structural changes within a confined and isolated volume. In a reaction vessel the total number of atomic species or the total number of electrons is maintained constant. If we, for example, consider the conversion of ethylene to benzene ͑C 6 H 6 ͒, according to the stoichiometric relation: 3C 2 H 4 → 1C 6 H 6 +3H 2 the corresponding changes in cross sections would be: 3 ϫ 16 2 → 42 2 +3 ϫ 2 2 and the scattering would increase by a factor 2.3. The scattering in the wide-angle region on the other hand behaves differently. Although changes in the scattering intensity with the respect to N e are marginal at very large angles such as = 180°͑q = 7.1 Å −1 , = 1.77 Å͒, features related to the structure of the species start to appear as N e is increased. This can be seen by comparing the patterns for benzene and the PAH perylene ͑C 20 H 10 ͒.
We have seen that on one hand the scattering region in the low q region ͑q Ͻ 1 Å −1 , = 16.2°at 1.77 Å͒ is useful for evaluating molecule and particle size as well as size distributions. 32, 33 This is the region to which SAXS measurements generally are confined. On the other hand, the complementary region ͑q Ͼ 1 Å −1 ͒ contains most of the information on molecular or particle structure as we will show. Below we will analyze the wide-angle scattering region for different species in more detail.
The size-and structure-dependent properties of the scattering become more evident in Fig. 2 , where a larger selection of species is shown for comparison. Note that the scattering cross sections have been rescaled so that the patterns of the different species are more easily compared on a logarithmic scale. The following types of species have been plotted: ͑1͒ diatomic species, ͑2͒ planar aromatic substances from benzene to graphene, ͑3͒ curved aromatic structures obtained from half fullerene spheres, ͑4͒ nanotubes as cylindrical aromatic species, ͑5͒ graphite structures of different size and shapes, ͑6͒ diamond structures of different size and shape, ͑7͒ homogeneous spherical shell-like structures, ͑8͒ fullerenes, ͑9͒ onionlike structures consisting of concentric homogeneous shells with two and three layers, and ͑10͒ onions of concentric fullerene molecules. To the right of graph we list the relevant properties different species: structure, size, number of carbon atoms, and symmetry or shape.
The species containing almost exclusively aromatic units given by hexagonal and/or pentagonal rings of carbon atoms, i.e., species of types ͑2͒, ͑3͒, ͑4͒, ͑5͒, ͑8͒, and ͑10͒ show local maxima in similar regions. The local maxima for diamonds ͑6͒ occur in the same regions, however, the structure around q =3 Å −1 is more symmetric, whereas the "aromatic" species present a less symmetric feature weighted towards slightly larger q values. The differences become stronger for the second maximum region for q Ͼ 5 Å −1 . In this region the shift of the aromatic species becomes clearer. Graphite ͑5͒ shows an additional feature in the region 1.5 Å −1 Ͻ q Ͻ 2.0 Å −1 , which is related to the stacking of the graphene sheets ͑planar sheets consisting of a hexagonal structure with a C-C bond distance of 1.42 Å͒ or PAH sheets into graphite. One observes that this maximum becomes sharper and shifts to-
wards higher q values as the number of layers is increased. The effect of narrowing with increasing size is observed also for the aromatic structure. The interlayer distance for graphite particles in these calculations was set to 3.6 Å which is slightly larger than for "perfect" graphite, 3.4 Å. In soot analysis the interlayer distance is frequently found to be larger than 3.4 Å. Values of 3.6 Å are often found, however, values of 4.0 Å or even higher have been reported ͑see Refs. 52 and 53 and references therein͒. Many of the curves present strong oscillations. The intensity of these oscillations is strongly correlated to the symmetry of the species. The different symmetries in order of decreasing amplitude of the oscillations are ͑A͒ spherical homogeneous shells, ͑B͒ fullerenes, ͑C͒ cylindrical structures and nanotubes, and ͑D͒ circular curved surfacelike structures such as half fullerenes.
For the calculations of cross sections of homogeneous spherical shell-like and onionlike structures, a Lorenz-Mie code was modified for applications valid under the RayleighGans criterion of scattering given by Van de Hulst. 41 The
Lorenz-Mie theory 54,55 describes the elastically scattered radiation in the far field for spherical, homogeneous, and isotropic objects. We first calculated the complex amplitudes of scattering for shells ͑diameter D͒ by subtracting the complex On the right of the scattering plots, the length ͑L͒, and the diameter ͑⌽͒ of the carbon structures are given. For spherically homogeneous shells and onions, the shell thickness ͑T͒ was set to 0.3 Å. The interlayer distance ͑D͒ for graphite structures was set to 3.6 Å. The cross sections have been rescaled so that the variations are readily seen within a group of structure. The given sizes for n-butane, naphthalene, and perylene refer to the size of the carbon structure ͑C͒. The lengths of the axes in the graphic representation of the structures are 1 nm. the shell. The oscillatory property of the structure is strongest for spherical structures, but clearly present also for cylindrical structures. The frequency of this structure is approximately proportional to the diameter of the shell. This property can be used as a reference to determine shell equivalent size ͑SES͒ for oscillations measured in the experimental patterns.
The ability to distinguish particles from their shape and "lattice" structure can be exemplified by comparing the cross sections of species in the following two examples we have chosen based on Fig. 2 : ͑I͒ the homogeneous spherical shell, D = 7.0 Å, and the fullerene C 60 ; ͑II͒ the homogeneous onionlike shell system onion 2 and the fullerene onion C 60 +C 240 . One observes that the two species in each example present oscillations which are related to the shape in the region 0 Å −1 Ͻ q Ͻ 2.5 Å −1 , whereas the lattice structure becomes evident for q values outside this region. Consequently SAXS measurements may provide information on the shape of these particles, but fail to provide information of the lattice structure, which in this case is of aromatic nature. Thus WAXS measurements become indispensable for the determination of the lattice structure.
EXPERIMENTS AND PROCEDURES

The setup
The main parts of the experimental setup have been described in an earlier publication. 35 We now give a short description focusing on differences from the previous work. Figure 3͑a͒ shows a picture taken for the setup, where the main parts are reproduced. In all measurements the azimuth angle was 60°. Different types of flames are shown in Fig  3͑b͒. The experimental results reported below refer to nonpremixed flames.
The incoming photon flux used in the experiments was typically 2 ϫ 10 10 s −1 at a photon energy of 8 keV ͑1.55 Å͒. The plane of the polarization was horizontal. The relative bandwidth ͑⌬ / ͒ was 2 ϫ 10 −4 . The x-ray radiation was focused by a grazing incidence mirror upstream the monochromator. The diameter of the focused radiation was 2 ϫ 10 −2 cm, yielding an irradiance of 6 ϫ 10 14 photons s −1 cm −2 . The detector for the scattering measurements consisted of a scintillator/photomultipler unit ͑ZnS, Ag/ Hamamatsu H6533͒ mounted on a rotation stage. The aperture of the detector was determined by two rectangular slits, ͑I͒ C/O=0.9, ͑II͒ C/O=4.9, and ͑III͒ C/O=ϱ. ͑c͒ The polarization of the x-ray beam ͑irradiance I 0 ͒ is mainly in the horizontal plane ͑z , x͒ in the direction of the x axis. In order to increase the signal at wide scattering angles the scattering plane defined by ͑z , xЈ͒ was rotated the angle = 60°around the z axis. The orthogonal and parallel polarized components relative to the scattering plane then are according to Eq. ͑4͒ I s0 = I 0 sin 2 ͑͒ and I p0 = I 0 cos 2 ͑͒, respectively.
2 mm wide and 20 mm high each, at 30 and 75 mm from the center of rotation ͑the center of the measured volume͒, respectively.
The measurements were performed with a time constant of 3 s on the lock-in amplifier. The frequency of the chopper was 347 Hz. The scattering patterns were typically recorded between 157°and 10°scattering with a step of 0.2°. The acquisition time of a scan was 7 min. The angular scans were performed in the backward angular direction, i.e., starting from the largest scattering angle of the scan. Due to the rectangular shape of aperture of the detector, the effective lateral or angular resolution was a function of the scattering angle. The effective scattering angle observed by the detection system became slightly distorted as the detector position was deviated from = 90°. The effect of the angular distortion and changing resolution was included in the calculations of theoretical scattering patterns to be used for comparisons with measured scattering patterns.
The detector was calibrated into volts/photons, measuring the transmitted radiation through a 300-m-thick Cu foil. Afterwards, the intensity scattered from room air was measured then at = 50°and 8 keV. About 2 ϫ 10 4 photons s −1
were scattered into the detection system. In all the experiments, the intensity of the measured signal was normalized with respect to the scattering volume. The scattering volume was approximated as proportional to the depth of the measured volume. This depth was set as proportional to 1 / sin͑͒ in the angular region of the measurements. The concentration was obtained from the perfect gas law at 298 K and 1 atm pressure.
In order to ensure that the measurement procedures were correct scattering patterns were measured for two different radiation wavelengths, 1.55 and 1.77 Å. The measured patterns were normalized for the scattering volume. The measured patterns were then compared with calculated patterns for = 60°. Figure 4 shows the measured patterns recorded for room air at the two different wavelengths. The normalized patterns fit very well to the calculated patterns. This assured us to proceed with the flame measurements.
Flame measurements
Measurements were performed on flames for different mixtures of ethylene and air. Some different types of flames are shown in the pictures of Fig. 3͑b͒ . The burner was small, 20 mm in diameter and not cooled. Above the burner a flame-stabilizing metal plate was placed. The plate also worked as a heat sink. For the same feeding conditions ͑feed-ing rate and mixture ratio between fuel and air, specified as the total C-atom to O-atom ratio, C / O͒ the constitution of the flame changed from the time of ignition until the burner temperature stabilized. The flames became less luminous and less sooty as the temperature increased due to the increased entrainment of hot surrounding air. Before any measurements started we waited until the flame had stabilized for sure. The pictures show the flames for the stabilized burner temperatures.
In order to test the setup for different flame conditions measurements were performed for a "blue" oxygen-rich flame and a "yellow" oxygen-deprived nonpremixed flame. Figure 5 shows the measured scattering patterns for the two different flame conditions: the blue flame ͓C/O=1, picture ͑I͒ in Fig. 3͑b͔͒ and the other yellow flame where the air flow was closed ͓C/O=ϱ, picture ͑III͒ in Fig. 3͑b͔͒ . In the same graphs calculated scattering patterns have been inserted. For the blue flame ͑C/O=1͒ the calculated pattern was obtained for a mixture of CO and N 2 expected from the combustion of ethylene and air mixed for C/O=1. For the yellow flame when no air was supplied to the burner the species used in the calculations was C 2 . The agreement between the measured and the calculated patterns is very good. The results agree with the expected main configurations of carbon containing molecules for the different conditions. One also notices that signal fluctuates more in the yellow flame. The larger fluctuations in this flame were caused by a combination of increased density variations in the flow field and the broader spectrum of species composition expected for rich flame conditions. Figure 6 shows results from measurements on a nonpremixed ethylene flame operating at the fuel rate 1.4 cm s −1 . The flame was luminous, but did not produce significant soot growth on the flame-stabilizing plate. Scattering patterns were measured at different wavelengths for the same flame conditions. Despite the total measurement time of approximately 30 min the flame was considerably stable. The scattering patterns obtained from this series of measurements at different wavelengths show that the scattering features are maintained since the patterns are similar when they are plotted as a function of q ͑the validity of such a plotting procedure was demonstrated by Ossler and Larsson 35 ͒. The experimental data were then compared with calculated scattering patterns for different weights of species. The red curve in Fig. 6͑a͒ is a fit for = 1.77 Å. Figure 6͑b͒ shows the composition of species used in the fit. Shell-like structures with the diameter around 6 Å and fullerenes smaller than 1 nm in diameter seem to dominate the structural content of the patterns.
The measured intensity of the scattered radiation decreases strongly with increasing scattering angle. In order to evidence the structural information contained in the measured patterns, in particular, in the smaller angular region, the experimental and the calculated data were subtracted by the exponential function exp͑− /17͒. The exponential constant was chosen to yield a resulting plot with close to a constant baseline in a broad range of q values. Curve ͑I͒ in Fig. 7͑a͒ shows the data corresponding to Fig. 6 when the data were subtracted by 1.2 exp͑− /17͒. Curves ͑II͒-͑V͒ are experimental curves obtained from nonpremixed ethylene flames in another series of measurements. These data are The measured and calculated intensities were subtracted by the function exp ͑− /17͒ in order to evidence the structure of the patterns ͑I͒-͑V͒. The fit for curve ͑I͒ is the same as reported in Fig. 6 , while the fit for curve ͑IV͒ was obtained for the composition given in ͑b͒. Curve ͑II͒ is a measurement at a lower feeding rate ͑0.94 cm s −1 ͒, whereas curves ͑III͒-͑V͒ were obtained for an increased feeding ͑1.4 cm s −1 ͒ rate so that the soot formed readily on the cooling plate. In ͑b͒ df1 and tf1 stand for the fullerene onions, C 60 +C 180 and C 60 +C 180 +C 320 , respectively. Gr3 and Gr4 represent three-and four-layered graphene sheets, respectively, with 54 carbon atoms each. Gr5 is a four-layered graphite particle with 88 carbon atoms in each sheet. Gr6 is the same as Gr5 but with an additional sheet. df1 and tf1 are the last two-and three-layered fullerene onions given in Fig. 2. subtracted by 2.5 exp͑− /17͒. Note that different scales have been used for the plots given in order to simplify the comparison between them. The scales used in the plots are ͑I͒ 1.0, ͑II͒ 5.0, ͑III͒ 5.0, ͑IV͒ 12, and ͑V͒ 30. The data were obtained for different flow-and particle-producing conditions inside the flame. Curves ͑II͒-͑V͒ were obtained from a continuous series of measurements and are given in the order they were measured. Going from curve ͑II͒ to ͑III͒ when the flow rate was increased from 0.9 to 1.4 cm s −1 , the patterns are seen to change drastically. For the higher flow rate, Curves ͑III͒-͑V͒ show signatures of nanometer-sized graphite particles with an interlayer distance of 3.6 Å, in the region 1.5 Å −1 Ͻ q Ͻ 2 Å −1 . The noises in these curves seem to be stronger than for curve ͑II͒. This might be an indication that there are temporal fluctuations of species concentrations between nanoparticles and smaller molecules. One also observes that the peak due to graphite slightly moves towards larger q values with increasing curve number. Such an effect is expected when the number of layers in graphite increases, e.g., from 2 to 3 or 3 to 4, or when the interlayer distance between the graphene sheets decreases by cooling. The fit of curve ͑IV͒ shows that the composition given by Fig. 7͑b͒ contains considerable amount of spherical structures such as fullerenes and fullerenelike onions. However, the interpretation of the fullerenelike onions is still preliminary. In any case the graphite particle content in the scattering patterns is strongly present for curves ͑III͒-͑V͒ whereas they seem to be almost absent in curve ͑I͒. In fact the fit of curve ͑I͒ was obtained without including graphitelike species.
DISCUSSION
Our measurements give insights in the early stage of the nanoparticle/soot formation processes and the role of fullerenes and graphitelike nanoparticles. The measurements rely on in situ detection of the scattered x-ray radiation and the quantitative interpretation of the scattering signal based on the comparison with scattering calculations. In the calculations atomic configurations of electron clouds were used. These configurations are inherently defined in the tabulated values for coherent and incoherent atomic form factors, which consequently do not describe the exact electrondensity distribution of the electrons of the different molecules. Nevertheless, the correspondence between measured and calculated scattering patterns was very good.
The production of soot on the flame-stabilizing cooling plate appeared under the presence of nanometer-sized graphite particles in the flame. These flames showed also the presence of fullerenes and possibly fullerenelike onions. A much lower tendency to soot production was instead observed in flames rich on fullerenes or spherical structures but poor on graphite particles. The temperature obtained from these measurements was higher than for the soot producing regions.
The nanometer-sized graphitelike particles may arise either from the condensation of graphene sheets or PAH of predominantly hexagonal structure. The fits used for the soot producing conditions included the contribution from fullerenes, planar PAH or graphene structures, and nanometer-sized particles with different numbers of layers between 2 and 4. The curved PAHs were not included in the fits, since the level of signal to noise of the measurements did not require their contribution, however, they might very well have been present in reality. In our fits they would most probably be included in the PAH or fullerene concentrations used in the calculations of the fitting scattering patterns.
Fully developed soot particles typically consist of fractal-like clusters of almost spherical-like units, so-called primary soot particles, with a diameter typically around 20 nm. These primary soot particles of soot from atmospheric-pressure premixed ethylene/air flames, reported by Grieco et al., 10 have shown to contain curved layers in the HRTEM images that according to the researchers were indicative of fullerenes. Images on soot particles from carbon black furnaces by Pontier Johnson et al. 56 also showed fullerenelike structures incorporated in the soot particles. In our measurements, HRTEM images on soot particles collected from the cooling plate showed similar results.
The fitting of our experimental x-ray scattering data on flames was based on the assumption of what major components could be present. These components included the structures observed from electron-microscopy imaging given in, e.g., Refs. 9-12 The structures observed in our experimental x-ray scattering patterns were then identified by comparing them with the structures of the theoretical patterns in Fig. 2 . For instance, the main x-ray scattering features found for curve ͑IV͒ in Fig. 7 such as the broadened peak at q = 1.75 Å −1 were attributed to graphitelike structures. However, fullerenes and fullerene onions had to be added to improve or reconstruct different features. These species were needed to increase the intensity for q Ͻ 1.5 Å −1 , decrease the intensity of the "graphite peak" at q = 1.75 Å −1 , reconstruct the feature at q = 2.3 Å −1 , and improve the structure in the region 2.5 Å −1 Ͻ q Ͻ 3.5 Å −1 . Consequently, Fullerenes play an important role for the description and formation of soot particles. The primary soot particles may arise from the condensation of fullerenes, together with PAH-like planar or curved aromatic structures and nanometer-sized particles showing more caged or graphitelike structures. These clusters of nanometer-sized particles and molecules may undergo further transformation leading to an increased degree of graphitization of the clustered material.
Fullerenes at low ambient pressure are known to experience phase transitions through sublimation. 57 Figure 8 shows sublimation lines ͑broken͒ for different temperatures as a function of fullerene size. These curves were obtained by interpolating and extrapolating the thermodynamic data on sublimation by Markov et al. 57 and then calculating vapor pressures for different temperatures as a function of the number of carbon atoms in the fullerene.
Due to the high temperatures during combustion ͑1400-1800 K͒ fullerene concentrations may be high before any sublimation into the condensed phase occurs. However, as the fullerene-rich flame gases cool down slowly, progressively the fullerenes condense into particles, which in turn may undergo transformations to more graphitelike structures under still relatively high temperatures. From the previous measurements 35 temperatures were evaluated from the inten-sity of the scattering signals. It was found that graphitic nanoparticle formation occurred between 900 and 1000 K. The range of temperature where fullerenelike signatures were found was higher, between 1200 and 1700 K. However, these temperatures should be seen as preliminary results from observations of structural changes in the first sets of measurements. More studies are needed to provide thermodynamic data for particle dynamics under combustion conditions. In order to evaluate the possibilities of obtaining high concentrations of fullerenes at flame conditions, we wished to compare the thermodynamic data from above with the concentrations that would be expected for different degrees of efficiency in the conversion from the ethylene fuel to fullerenes of a particular size. Figure 8 shows the concentrations in ppm as a function of the number of carbon atoms of the fullerene molecule. The straight lines ͑full͒ in Fig. 8 have been plotted for different conversion factors ͑CFs͒. These factors correspond to the efficiency for converting X number of C 2 or ethylene molecules into 2C X . X stands here for the number of atoms in the fullerene molecule. CF= 1 would correspond to converting for example 30 C 2 clusters into 1 C 60 molecule, CF= 0.1 would require 300 C 2 clusters to obtain 1 C 60 , etc. The results from the experiments and the sublimation data derived from literature 57 show that high concentrations of uncondensed fullerenelike structures are possible to obtain under rich particle producing conditions of combustion at high temperatures. The accuracy and precision of experimental results can be estimated from the sensitivity of the fits given in Fig. 7 : changing the individual species concentrations a factor of 2 gave visible deviations in the fits. In terms of groups of species, i.e., fullerenes and fullerene onions on one hand and PAH and graphite on the other, the relative changes were 0.3.
CONCLUSION
X-ray scattering calculations were performed for a number of species of particular structures and shapes of interest for combustion taking into account the polarization properties of the radiation. The scattering patterns were analyzed, allowing the identification of signatures for molecule and particle structure and symmetry to be used for the analysis of the experimental data. X-ray scattering patterns were then measured in situ for air and flames for different conditions of combustion. The experimental data were analyzed with respect to the theoretically defined signatures. In addition, a more quantitative comparison was done, by fitting theoretical patterns to the experimental data.
The results imply that the atomic form factors can be used with sufficient accuracy for determining the scattering properties of air and flames gases also when these are dominated by diatomic species. The analysis and fit of the experimental data showed that high concentrations of spherical or fullerene structures or nanometer-sized graphitelike structures were obtained in the flame depending on the burning conditions. The graphiticlike structures became more evident at lower temperatures in the flame.
The x-ray scattering technique allows in situ measurements on atmospheric-pressure flames under rich nanoparticle-producing conditions. For instance, it can be used to study the detailed role of, e.g., fullerenes and nanometer-sized graphitelike particles for the production of soot and give a deeper understanding of the dynamics and mechanisms involved in soot formation processes.
The wide-angle x-ray scattering region has provided useful information on the structure and symmetry of the species during nanoparticle production. This information would be hard to obtain from measurements based only on the forward scattering region. The WAXS technique will thus become a useful complement to the SAXS techniques demonstrated by other groups for measurements of the size distribution. These techniques together will allow a deeper study of molecular and particle dynamics in flames and other gas-phase reactive systems where particles are formed.
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